Observational and experimental studies suggest that nonsteroidal anti-inflammatory drugs (NSAIDs) may protect against Alzheimer disease (AD); however, clinical trials and other observational studies, including the Adult Changes in Thought (ACT) study, show no protection or promotion of AD. The objective of this study is to determine the relationship between common dementia-associated pathologies and mid-to late-life NSAID exposure.
NSAID use. 7 The Religious Orders Study found no relationship between incident dementia, cognitive function, or neuropathologic changes and NSAIDs use in a population of Catholic Religious over a period of up to 12 years, although of interest, ibuprofen use was associated with higher levels of AD pathologic changes. 8 Moreover, clinical trials of nonselective or COX2-selective NSAIDs in patients with AD dementia or with mild cognitive impairment have not demonstrated a neuroprotective effect, and one trial even suggested increased incidence of AD. [9] [10] [11] [12] A primary prevention trial with NSAIDs in AD was terminated early. 13 One possible explanation for these apparently contradictory results is that patients with dementia, including those clinically classified as having AD dementia, are "contaminated" with comorbid disease processes that can contribute to dementia, such as vascular brain injury (VBI) from cerebral microinfarcts (CMIs) or Lewy body disease (LBD). [14] [15] [16] [17] This is especially true for cohorts of older participants, such as in ACT, where comorbidity is common and the population-attributable risk for dementia is 45% from AD and 33% from VBI. 14 The effect of NSAIDs on these pathogenic processes that contribute to dementia in the elderly is unknown. NSAIDs might alter the pathogenesis of these diseases other than AD that commonly contribute to dementia. If so, any protective effects on one type of pathology might be masked in individuals with common comorbid conditions. We analyzed data from the ACT autopsy cohort to help understand effects of NSAIDs on multiple pathologic processes associated with dementia in the elderly. METHODS Patients. ACT is an ongoing prospective, community-based study of brain aging and incident dementia described in detail elsewhere. 18, 19 Briefly, between 1994 and 2003, ACT enrolled 3,392 cognitively intact communitydwelling participants aged Ն65 years from a population of approximately 23,000 members of Group Health Cooperative (GHC), a large integrated health care delivery system in King County, WA. The ACT cohort was assembled in 2 phases. Between 1994 and 1996, a random sample was drawn to form an initial cohort of 2,581 individuals. Using similar methods, an expansion cohort of 811 was enrolled between 2001 and 2003, yielding a total study size of 3,392. Information on enrollees' demographics, medical history, and cognitive and functional status was collected at baseline and subsequent biennial follow-up visits, with any dementia diagnoses assigned using criteria from the DSM-IV. 20 Standard protocol approvals, registrations, and patient consents. Participants gave informed consent for all procedures as approved by the Institutional Review Boards of GHC and the University of Washington.
Neuropathologic evaluation. At baseline, participants were asked for consent to brain autopsy. For those who were undecided, additional requests were made at biennial follow-up visits. In accordance with state law, next of kin were also required to file informed consent for autopsy after death. Among the 319 ACT participants who died and underwent study autopsy, 7 neuropathologic endpoints were evaluated as previously described. 14 NSAID exposure. NSAID prescription data were available on ACT participants from the GHC pharmacy database. This database included all prescriptions dispensed from March 1977 to the present, including drug name, strength, and amount dispensed. To ensure a thorough accounting of longstanding NSAID exposure, only ACT participants with Ն10 years of enrollment in GHC before joining the original or expansion ACT cohorts were included (n ϭ 3,026); this included 293 of the 319 ACT autopsies available at the time of this analysis. The nonselective COX inhibitor NSAIDs used by ACT participants were (in order of use from high to low): ibuprofen, naproxen, indomethacin, sulindac, meclofenamate, tolmetin, piroxicam, diclofenac, nabumetone, flurbiprofen, fenoprofen, etodolac, ketorolac, mefenamic acid, oxaprozin, and ketoprofen. Together, ibuprofen, naproxen, indomethacin, and sulindac accounted for approximately 80% of all prescriptions. For comparisons of dosages among NSAID types, we used standard drug references to assign a standard daily dose (SDD) for each medication type, 22 similar to the approach used in the Rotterdam study. 23 We then computed the number of SDDs dispensed for each prescription fill by multiplying the number of tablets dispensed by the tablet strength and dividing by the SDD of the NSAID type. For each ACT subject, we summed the cumulative number of SDDs ever dispensed up to time of death, or for those who had not died, up to time of last visit. We categorized levels of cumulative NSAID use as Ͻ60 (which included nonusers and would serve as the reference group for all analyses), 60 -499, 500 -999, 1,000 -1,999, and Ն2,000 SDD. The choice of cutpoints for classifying exposure levels was motivated in part by cutoffs used in the prior ACT NSAIDs and clinical dementia study, 7 as well as by the need to facilitate comparisons of high levels of cumulative use (e.g., 1,000 -1,999, Ն2,000 SDD) to light/nonuse (Ͻ60 SDD).
Statistical analyses.
Starting with all eligible ACT study participants in the greater cohort, we classified individuals by their last known study and mortality status (living and enrolled in ACT, living but withdrawn from ACT, deceased but noncon-senting to autopsy, deceased and autopsied). Then we generated descriptive tables of our sample of interest: ACT participants who died and underwent autopsy. We provided demographic and neuropathologic outcome information for these individuals, overall and stratified by levels of cumulative NSAID use. From these individuals, we estimated the association between each of the neuropathologic endpoints and cumulative NSAID use using log-linear models, adjusted for age at death, gender, education, race, and baseline measures of diabetes mellitus, hypertension, and regular exercise. Adjustment variables were selected based on prior literature and plausibility of associations with neuropathologic endpoints and NSAID use. For each endpoint, the relative risk (RR) of a high neuropathology measure is presented for each level of cumulative NSAID use relative to a reference group of Ͻ60 SDD. Each neuropathologic outcome represents a different process of interest; as such, no adjustment for multiple comparisons is needed. 24 Since autopsy studies are vulnerable to selection bias related to withdrawal, death, and autopsy consent, 25 we adjusted all analyses using inverseprobability weighting to broaden the generalizability of our study from the autopsied cases to the entire ACT cohort. 26 Weights were obtained by fitting a logistic selection model to all ACT participants, with the outcome of interest being whether or not a subject died and consented to autopsy. Covariates chosen for the selection model included baseline comorbidities such as diabetes, hypertension, heart or cerebrovascular disease, conges- Table 1 Characteristics of autopsied ACT participants, overall and stratified by total cumulative SDD of NSAID use tive heart failure, and exercise, as well as other characteristics previously reported as being related to consent, including age, race, gender, education, marital status, depression, and dementia status. 25 To ensure accurate classification of dementia status at time of death, patients not previously diagnosed with dementia were excluded from analyses if their last clinical evaluation occurred more than 24 months prior to death. This resulted in the exclusion of 30 autopsies, with 6 additional autopsies being excluded due to other missing covariates for the selection model. Sensitivity analyses for the covariates included in the selection model were performed to ensure robustness of results. Further, to ensure adequate accounting of uncertainty due to the introduction of the selection weights, inference for all selection bias models was performed using the bootstrap; bias-corrected and accelerated confidence intervals were constructed for all RRs. 14 Table 1 provides baseline characteristics and comorbidity information for the 293 autopsied ACT participants who met the Ն10 years of GHC enrollment criteria. Characteristics are presented stratified by levels of cumulative NSAID exposure. Autopsied participants who were heavy NSAID users (1,000ϩ SDD) had higher rates of dementia, were more frequently female, and possessed a greater prevalence of hypertension, heart disease, and low selfrated health at ACT study baseline than participants who were light/nonusers (Ͻ60 SDD). These relationships across NSAID exposures were also reflected in the broader ACT cohort (table e-1 on the Neurology ® Web site at www.neurology.org). Table 2 presents the dichotomized neuropathologic measures for the included ACT autopsies stratified by cumulative NSAID use. Heavy NSAID users had greater prevalence of high NP scores and advanced NFT stage than light/nonusers. Heavy users also tended to have more cerebral microinfarcts and cystic infarcts, and more severe atherosclerotic disease than light/nonusers. Amyloid angiopathy did not tend to differ across NSAID exposure groups. Table 3 presents the RR estimates for the association between the neuropathologic measures and cumulative NSAID use, based on the 257 eligible autopsy cases and adjusted for potential confounding and selection using the entire ACT sample as described above. We did not include the LBD neuropathologic endpoint in these analyses due to the rarity of this outcome in our sample. Of the remaining 6 neuropathologic outcomes, our analyses suggested that only the risk of a high NP score increased with increasing NSAID use (omnibus test: p ϭ 0.065) and that this was significant for the 1,000 to 1,999 SDD (adjusted RR 2.16, 95% CI 1.02-4.25, compared to light/nonuse [Ͻ60 SDD]) and Ն2,000 SDD (adjusted RR 2.37, 95% CI 1.24 -4.67) groups. Risk of moderate or severe atherosclerosis also tended to be greater (borderline significant) for the 1,000 to 1,999 SDD (adjusted RR 1.69, 95% CI 0.99 -3.02, compared to light/nonuse [Ͻ60 SDD]) and Ն2,000 SDD (adjusted RR 1.60, 95% CI 0.93-2.77) groups. No other neuropathologic endpoint was significantly associated with NSAID use.
RESULTS

DISCUSSION
Our results indicate that heavy use of NSAIDs by ACT participants was associated with increased NP score, a hallmark feature of AD that contains amyloid ␤ peptides, abnormal neurites, and reactive glia. While the identified association has concordance with results of a recently published study that associated heavy NSAID use among the general population of ACT participants with increased incidence of all-cause dementia and probable AD, 7 it is challenging to reconcile our findings with other observational studies that suggest protracted NSAID use reduces the risk of AD. One might speculate that a possible reason for differences in the apparent association with NSAIDs in this study vs earlier epidemiologic studies is that the ACT cohort is older on average. However, it is not possible to test this hypothesis with our data because an ACT study inclusion criterion was that subjects were at least 65 years of age and dementia-free at time of study entry, and most of our subjects were older than 65 at time of entry. Thus, we have no younger cohort that can be used for comparison. Another difference in our study is that because of the extensive pharmacy database in ACT, we measured chronic exposure more fully than previous studies. Also, the specific NSAIDs reported differ between studies. For example, in ACT and the Religious Orders Study, ibuprofen was the most commonly used NSAID, but in the Rotterdam study diclofenac was the most common. 8, 30 Although no pharmacologic effect of NSAIDs has been demonstrated in vivo other than suppression of COX activity, NSAIDs have idiosyncratic actions in model systems, 27 raising the possibility that particular NSAIDs, acting through unspecified means, may enhance the risk for NP accumulation. If true, then the specific ensemble of NSAIDs used may profoundly influence study outcome. NSAIDs have been implicated in promoting atherogenesis through their impact on the relative concentrations of thromboxane A2 and prostacyclin. 28 Indeed we observed increased ratio of urinary metabolites of thromboxane compared to prostacyclin and adverse cardiovascular outcomes in subjects randomized to naproxen or celecoxib in a primary prevention trial for AD. 29 Both nonselective and selective NSAIDs have been associated with increased risk of stroke in epidemiologic studies 30 while repeated metaanalyses of clinical trials have shown no such association. 31, 32 Our results suggest that nonselective NSAID use might also be associated with increased atherosclerosis. Nonselective NSAID use may not be associated with altered burden of other common dementia-related neuropathology in the elderly. Despite robust experimental evidence for the neuroprotective effect of NSAIDs on Lewy-related pathology, epidemiologic studies have shown an inconsistent protective effect of chronic NSAID use. 33 In a previous study in the ACT cohort, there was no association between risk for PD and NSAID use. 34 Our study has unique strengths. We use detailed exposure data derived from a computerized pharmacy database begun in 1977. To our knowledge, this represents the most complete long-term NSAID exposure data applied to an autopsy neuropathology assessment. Also, the pharmacy record avoids common issues of recall bias that are inherent in selfreport data. As outcomes, autopsy evaluations do not suffer from the inherent limitations of clinical dementia diagnoses, can confidently identify comorbid neuropathology, and may offer additional insight into the neuropathologic processes underlying dementia. Further, while autopsy studies are known to be prone to selection bias, we were in the unique position of being able to adjust our estimates for selection effects using weights estimated from a selection model using information from the entire ACT cohort. 26 In this way we expand the interpretability of our results to a more meaningful population.
We also recognize that our study has several limitations. Our sample size, although relatively large for an autopsy study, precludes more detailed stratification of NSAID type (e.g., ibuprofen, naproxen sodium) at this time. Additionally, as we did not have access to detailed information about over-thecounter (OTC) use of NSAIDs, there likely exists misclassification of NSAID exposure due to any OTC use not captured by the GHC pharmacy database. Self-reported NSAID use (both prescription and OTC) was collected from ACT participants at baseline and biennial study follow-up visits; however, this self-reported information lacked detail on NSAID strength, amount, or duration of use, and instead was limited to a simple yes/no question regarding use in the prior 2 years. We note, however, that only 29 of the 293 autopsied subjects reported any OTC NSAID use at their study visits, and of these 29 subjects, our pharmacy-based NSAID classification already identified 19 of them as having high levels of use (1,000 -1999, Ն2,000 SDD) and only classified 1 of them as having no/light use (Ͻ60 SDD). Further, in the previous ACT NSAIDs analyses investigating clinical dementia status, the addition of self-report NSAID exposure did not significantly alter results. 7 Standardized neuropathologic criteria for the staging of disease also have several limitations including interobserver variability and poor linearity. We have attempted to address interobserver variability by limiting the number of neuropathologist observers. We were insufficiently powered to find associations with less common dementia-associated neuropathologic outcomes such as Lewy body disease or to do separate analyses for individual NSAIDs. Further, given our sample size, effect estimates had large variability (as expressed by the wide CIs); therefore, even though point estimates for neuropathologic endpoints such as advanced NFT stage may have suggested some elevated risk among heavy NSAID use, we lacked power to make more certain conclusions. Finally, while we attempted to address the issue of selection bias within the framework of a selection model, because this model includes dementia status (which is assessed every 2 years by ACT study design), we had to exclude individuals without dementia who had not been assessed within a 2-year window of death.
Another limitation of our study, as with any observational study, is the potential for biased estimates due to residual or unmeasured confounding. We noted in our descriptive tables that subjects with heavier NSAID exposure also had generally worse health status than subjects with lower levels of exposure. These heavy use groups had more heart disease, more hypertension, and overall worse health than light/nonusers; however, it is not clear that more extensive comorbidity among these heavy users would also be associated with increased burden of dementia-related neuropathologic changes. We attempted to adjust for these differences by including comorbid conditions in both our main risk model and our selection model, but there still exists the possibility that our observed elevated risk of an increased NP score is related to the overall poorer health status among heavy NSAID users.
Our study is in accord with the previous finding from ACT that heavy NSAID use is associated with increased risk of dementia 7 by demonstrating increased risk of NP accumulation with heavy NSAID use. Furthermore, our findings suggest minimal impact of NSAIDs on other pathologic findings associated with dementia with the exception of possibly atherosclerotic disease, reducing the likelihood that such effects may explain disparate findings in prior studies. Given the frequency with which NSAIDs are used among the elderly, it will be critical for other investigators to validate in other populations the observations made here.
